JmjC domain-containing proteins are a class of enzymes responsible for histone demethylation. Previous studies revealed that the JmjC domain-containing protein KDM3A possesses intrinsic demethylase activity toward lysine 9 of histone H3 and plays essential roles in spermiogenesis. In contrast, the biological roles of JMJD1C, a KDM3A homolog in mice, are largely unknown. Here we present the crucial role of JMJD1C in male gametogenesis. Jmjd1c-deficient males became infertile due to the progressive reduction of germ cells after 3 mo of age. Importantly, Jmjd1c-deficient testes frequently contained abnormal tubules lacking developmentally immature germ cells. JMJD1C is most abundantly expressed in undifferentiated spermatogonia in mouse testis. The numbers of ZBTB16-positive spermatogonia and apoptotic germ cells in Jmjd1c-deficient testes decreased and increased in an age-dependent manner, respectively. Our studies demonstrated that JMJD1C contributes to the long-term maintenance of the male germ line.
INTRODUCTION
Epigenetic mechanisms play crucial roles in the establishment and maintenance of cell-type specific gene expression profiles, without changing the primary DNA sequences. Covalent modifications of the histone tail are one of the key epigenetic events involved in these processes, including the methylation of lysine residues within histones. The levels of histone lysine methylation are spatiotemporally controlled by the antagonistic activities of methyltransferases and demethylases.
Germ cells are the only population from which the parental genetic and epigenetic information can be transmitted to the progeny. Epigenetic cellular memories such as DNA methylation and histone modifications, including histone H3 lysine 9 (H3K9) methylation, a hallmark of transcriptionally repressed chromatin, are dramatically reorganized during germ cell development [1, 2] . Our previous analysis demonstrated that the levels of H3K9 monomethylation (H3K9me1) and dimethylation (H3K9me2) are temporally and sex-differentially regulated during meiotic prophase progression [3] . Genetic and biochemical evidence has suggested that the H3K9 methyltransferase EHMT2 (also called G9a) deposits H3K9me2/1 prior to entry into meiosis and then these marks are removed in pachytene spermatocytes by the H3K9 demethylase KDM3A (also called JMJD1A/TSGA/JHDM2A). Both of the EHMT2 and KDM3A enzymes are essential for spermatogenesis, as Ehmt2-deficient germ cells could not pass through meiotic prophase and Kdm3a-deficient mice exhibited defects of spermiogenesis [3] [4] [5] .
Two KDM3A homologs, KDM3B and JMJD1C, have been identified in mouse and humans. JMJD1C was originally identified as the thyroid hormone receptor-interacting protein Trip8 [6] . s-JMJD1C, a splicing variant of the JMJD1C gene, is a coactivator of the androgen receptor [7] . A previous report detected intrinsic H3K9 demethylase activities in JMJD1C [8] , but these findings were challenged recently [9] . To address the in vivo functions of JMJD1C, we established Jmjd1c-deficient mice. We found that Jmjd1c-deficient male mice exhibited an age-dependent infertility phenotype, accompanied by a progressive reduction of germ cells. Here we demonstrate the crucial role of JMJD1C in the maintenance of the male germ line.
MATERIALS AND METHODS

Antibodies
Mouse monoclonal antibodies against JMJD1C were generated by immunization with a recombinant protein corresponding to amino acids 245-453 of mouse JMJD1C (UniProt accession no. Q69ZK6). Rabbit polyclonal antibodies against KDM3A were described previously [3] . The other antibodies used in this study and their sources are mouse anti-Flag (Sigma), rabbit anticalmegin [10] , mouse anti-tubulin (Oncogene), rabbit anti-DDX4 (Abcam), mouse anti-ZBTB16 (Santa Cruz Bitechnology), rabbit anti-ZBTB16 (Oncogene), rabbit anti-HSD3b (Trans Genic), rabbit anti-H3S10ph (Millipore), rabbit anti-gH2AX (Cell Signaling), TRA98 (Bio Academia), mouse antiH3K9me1 (clone 2F7a) [11] , mouse anti-H3K9me2 (clone 6D11) [11] , and mouse anti-H3K9me3 (clone 2F3) [11] .
Immunoblotting
Testicular cells were prepared as described previously [12] . Whole lysates of testicular cells were separated by SDS electrophoresis and transferred to nitrocellulose membranes. The membranes were visualized with an ECL kit (Perkin Elmer). The band intensities were quantified using ImageJ software (National Institutes of Health).
Quantitative RT-PCR Analysis
Total RNA was purified using an RNeasy kit (Qiagen). First-strand cDNA was synthesized with Superscript III (Invitrogen). SYBR premix Ex Taq II (Takara) was used for quantitative PCR. The primer sets for Jmjd1c and Gapdh were 2C-EX26F-2 (TATGGGGTGAGAGCCTGCACTCTGA) and 2C-EX26R (GTACCTGGTGAAGTGTTCCTGCTGGC) for detection of the long and short variants of Jmjd1c; 2C-EX2-F (CGTGGAATTTGATGACCTTG) and 2C-EX2-R (TCCTTTTGGCCCAGATTAAG) for detection of the long variant of Jmjd1c; 2C-EX1B-F (GCTTCAGCTGCAGGATTTCT) and 2C-EX1B-R (CAAGACCACAGAACGAAGCA) for detection of the short variant of Jmjd1c; and Gapdh RT-PCR-F (CATCTTCTTGTGCAGTGCCA) and Gapdh RT-PCR-R (CGTTGATGGCAACAATCTCC) for detection of Gapdh.
Histology and Immunohistochemistry
Tissues were fixed in either Bouin solution or 4% paraformaldehyde (PFA), embedded in paraffin, and cut into 4-lm sections. For histological analysis, sections were stained with either hematoxylin-eosin or hematoxylin-periodic acid-Schiff (PAS), according to the standard protocols. For immunohistochemistry, sections were deparaffinized, rehydrated, and heated at 1058C for 5 min in 10 mM citric acid buffer (pH 6.0). To quench the endogenous peroxidase, the sections were treated with 0.3% (v/v) hydrogen peroxide. After being blocked with TBS containing 2% skim milk and 0.1% Triton X-100 at room temperature for 1h, the sections were incubated overnight with the primary antibodies at 48C. For fluorescent staining, the sections were rinsed and incubated with Alexa-conjugated secondary antibodies at room temperature for 1 h and counterstained with 4 0 ,6-diamidino-2-phenylindole. The sections were mounted (Vectashield; Vector Labs) and analyzed by confocal laser scanning microscopy (model LSM700; Carl Zeiss). Mean fluorescence intensities in the nuclei were measured by ImageJ software. For enzyme-mediated immunodetection, the sections were incubated with horseradish peroxidase-conjugated secondary antibodies and stained with diaminobenzidine and hematoxylin.
TUNEL Assay
To detect apoptotic cells, we subjected 4% PFA-fixed sections to TUNEL assay with an in situ cell death detection kit (Roche) according to the manufacturer's instructions.
Statistical Analysis
All quantitative data were analyzed by Student t-test. For histology, immunohistochemistry, and TUNEL assay, one testis per mouse was examined. More than five histological sections were analyzed per testis. More than three mice were analyzed in each age-genotype group. Tubule populations were evaluated by examining whole sections.
Generation of Jmjd1c-Deficient Mice
The Jmjd1c-targeting vector was designed to delete exons 24-27, corresponding to the JmjC domain (Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). We used PCR to generate 5.9 kb of the 5 0 homology arm and 1.5 kb of the 3 0 homology arm using a bacterial artificial chromosome (BAC) clone 469P19 from the C57/BL6 BAC library RPCI-23 as the template, and the fragments were inserted into either side of the cassette containing the internal ribosome entry site and the neomycin-phosphotransferase gene. Subsequently, 1 310 7 TT2 line embryonic stem (ES) cells, were transfected with 10 lg of linearized targeting vector and selected with ES cell medium containing 0.2 mg/ml G418 medium. Homologous recombinant clones were identified by Southern blot analysis (10 of 64 clones) and then injected into mouse embryos. Chimeric males derived from independent clones (nos. 51 and 53) were crossed with C57BL/6 (B6) females, and the resulting generations were further bred to B6. The heterozygous F3 generations were crossed to generate homozygous Jmjd1c-deficient mice. All animal experiments were performed under the animal ethical guidelines of Kyoto University. Jmjd1c mutant and wild-type alleles were detected using IN-60F (CGCCTTCTTGACGAGTTCTTCTGAGGGG) and 2C-144790-R (ATATACACTATGATACAGGAACAGC) for the mutant allele (;500-bp amplicon size); and 2C-144121-F (AGTCCCCGCACT CAGGAGGCTGCTG) and 2C-144790-R for the wild-type allele (;670-bp amplicon size).
Hormone Measurement
Testosterone and androstenedione levels in mouse serum were examined using liquid chromatography coupled with tandem mass spectrometry by Asuka Medical Inc. (Kanagawa, Japan).
RESULTS
Expression Profiles of JMJD1C in Mouse Testes
To examine the expression profiles of JMJD1C during mouse development, we established specific antibodies. Because histone methylation is dynamically organized during mouse spermatogenesis [3, 13] , testis tissue is ideal for studying the epigenetic control of cellular differentiation. Thus, we first examined JMJD1C expression in juvenile and adult testes of mice. We used antibodies against ZBTB16 as a marker for undifferentiated A-single (As) to A-aligned (Aal) spermatogonia [14, 15] and calmegin as a marker for the stages from pachytene spermatocytes to spermatids [10] . Immunoblot analyses using postnatal testes at various time points revealed the characteristic pattern of JMJD1C expression. The anti-JMJD1C immunoblot analysis detected two bands of approximately 270 kDa in testicular lysates. Both bands correspond to JMJD1C proteins, as they were abolished by the Jmjd1c mutation ( Fig. 1A and Supplemental Fig. S1 ). Signal intensity analyses demonstrated that the intensities of the lower band were highest at Postnatal Day (P) 4, then gradually decreased, and increased again from P18. On the other hand, the upper band was undetectable until P14, emerged at P18, and subsequently increased (Fig. 1B) . The expression kinetics of the upper band of JMJD1C was similar to that of calmegin. In contrast to JMJD1C, KDM3A was not abundantly expressed until P14. The KDM3A expression profile was also similar to that of calmegin, in accordance with the previous reports that KDM3A expression starts at the mid-pachytene stage [3, 5] .
The Jmjd1c mRNA consist of two splicing variants, long and short Jmjd1c, due to alternative usage of exons 1, 2, and 1B (Fig. 1C) . The long and short Jmjd1c mRNAs correspond to the 282-and 261-kDa proteins, respectively (Fig. 1D ). To determine variant usage during testes development, we quantified the amounts of mRNAs between P4 and adult testes. The long:short variant ratio was significantly increased in adult testes compared that in P4 testes (Fig. 1E) . Thus, the upper and lower bands detected in the immunoblot analysis (Fig. 1A) likely corresponded to the long and short variants of JMJD1C, respectively. To examine the cells expressing JMJD1C, we monitored JMJD1C expression in the Kit mutant W/W v mouse adult testis, which lacks most germ cells [16] . The expression levels of JMJD1C proteins were drastically reduced in W/W v testis (Fig. 1F) , suggesting that JMJD1C was expressed predominantly in germ cells.
Next we performed immunohistochemical analyses with neonatal and adult testes. Combinational staining with anti-ZBTB16/JMJD1C revealed that the nuclei of ZBTB16-positive germ cells in P4 testis were all positive for JMJD1C, suggesting that JMJD1C is expressed in spermatogonia ( Fig.  2A) . Expression analyses of JMJD1C in adult testis revealed that only a subset of cells expressed JMJD1C. Among them, the germ cells attached to the basement membrane were strongly stained with anti-JMJD1C antibodies (Fig. 2B) . To identify the JMJD1C-expressing cells, we performed combinational staining with antibodies for several cell type markers. The ZBTB16-positive spermatogonia were all JMJD1C-positive (Fig. 2C) . Co-immunostaining with antiphosphorylated histone H2AX (cH2AX) demonstrated that JMJD1C is also expressed in pachytene spermatocytes (Fig. 2D) . JMJD1C KUROKI ET AL.
was not expressed in leptotene/zygotene spermatocytes and round/elongating spermatids. These expression profiles effectively explain the oscillation of JMJD1C expression during juvenile testis development (Fig. 1A) . JMJD1C signals were observed in the nuclei of Leydig cells (Fig. 2E) . The fluorescence intensity analysis indicated that the expression levels of JMJD1C in pachytene spermatocytes and Leydig cells are approximately half and one tenth of those in undifferentiated spermatogonia, respectively (Fig. 2F) . These results indicate the highest abundance of the JMJD1C protein in undifferentiated spermatogonia among the adult testicular cells. Co-immunostaining with JMJD1C/KDM3A in adult testis demonstrated that only JMJD1C is expressed in undifferentiated spermatogonia (Fig. 2G ).
Jmjd1c-Deficient Male Mice Exhibit an Age-Dependent Sterility Phenotype
To study the in vivo functions of JMJD1C, we generated Jmjd1c-deficient mice (Supplemental Fig. S1 ). Jmjd1c-deficient mice were born at the predicted Mendelian frequencies, and all of them developed into adulthood (n . 50). The overall appearance of the Jmjd1c-deficient mice was indistinguishable from that of the control littermates. We then checked their fertility by natural mating experiments with wild-type partners. Jmjd1c-deficient females were reproductively normal. Jmjd1c-deficient males initially possessed fertility until they were 3 mo of age (7 of 8 animals) but subsequently became infertile (8 of 8 animals). The gross sizes of the testes of Jmjd1c-deficient at 1 mo of age were indistinguishable from those of control littermates. However, Jmjd1c-deficient testes at 8 mo were significantly smaller than those of the controls (Fig. 3A) . In 
JMJD1C IS REQUIRED FOR LONG-TERM SPERMATOGENESIS
contrast to testis size, the Jmjd1c mutation did not lead to an alteration of gross body size (Fig. 3B) . The weights of the Jmjd1c-deficient testes gradually decreased with age, whereas those of the controls were essentially maintained at least until 1 yr old (Fig. 3C) . These data strongly suggest that the sterility of Jmjd1c-deficient males might result from the age-dependent reduction or elimination of germ cells. Histological analyses revealed that the sperm contents of Jmjd1c-deficient epididymides were indistinguishable from those of control epididymides at 2 mo. However, the Jmjd1c-deficient epididymides at 8 mo of age contained significantly fewer sperm than the controls (Fig. 3D, arrows) . Histological examinations of testes sections demonstrated increases in the abnormal regions of the seminiferous tubules with age in Jmjd1c-deficient testes, in which the germ cell number was severely reduced (Fig. 3D) . We confirmed the germ-cell-loss phenotype of Jmjd1c-deficient males by immunohistochemical analysis of DDX4, as a marker of germ cells to round spermatids. The population of seminiferous epithelium regions lacking DDX4-positive cells was very few in Jmjd1c-deficient testes at 2 mo but was 
significantly increased in an age-dependent manner (Fig. 3 , E and F), indicating that the number of germ cells gradually declined in the Jmjd1c-deficient testis.
Earlier Germ Cell Loss Phenotype of Jmjd1c-Deficient Males
Examination of the cycle of seminiferous epithelium revealed a range of abnormal seminiferous tubule phenotypes in Jmjd1c-deficient mice that was not detected in controls. Regions of seminiferous epithelium containing only elongating spermatids were frequently observed (Fig. 4A) . Furthermore, seminiferous epithelium stages that lacked developmentally immature germ cells were also present in Jmjd1c-deficent mice (Fig. 4, B-D) . These histological data strongly suggested that the supply of undifferentiated spermatogonia was perturbed in Jmjd1c-deficient male germ lines, subsequently leading to the progressive loss of germ cells.
Reduced Number of ZBTB16-Positive Cells in Jmjd1c-
Deficient Adult Testes
Subpopulations of As to Aal spermatogonia are crucial for continuous self-renewal of male germ cells. Because JMJD1C is expressed most abundantly in ZBTB16-positive germ cells, we hypothesized that the Jmjd1c mutation leads to the reduction of undifferentiated spermatogonia. To evaluate this possibility, we examined ZBTB16-expressing cells in Jmjd1c-deficient and control testes (Fig. 5A ). Sections were counterstained with TRA98 antibodies to detect the nuclear antigen of germ cells [17] . According to the TRA98 staining profiles, we classified the Jmjd1c-deficient seminiferous tubules into two types: the normal type with abundant TRA98-positive cells and the degenerated type with drastically reduced TRA98-positive cells. As summarized in Figure 5B , the number of ZBTB16-positive cells in the degenerated tubules of Jmjd1c-deficient testes (0.5 cell per tubule) was lower than that of the control (3.2 cells per tubule). These data indicated that the germ-cellloss phenotype is accompanied by a reduction in undifferentiated spermatogonia. Importantly, the number of ZBTB16-positive cells were significantly lower than those of controls, even in the normal tubules of Jmjd1c-deficient testes (1.8 cells per tubule), suggesting the progressive reduction of ZBTB16-positive cells in Jmjd1c-deficient adult testes.
Increased Apoptosis in Jmjd1c-Deficient Germ Cells
To determine the mechanism underlying the progressive reduction of germ cells, we assessed the frequencies of apoptotic and mitotic events in Jmjd1c-deficient testes. To detect apoptotic cells, TUNEL staining was performed (Fig.  5C) . We divided the apoptotic cells into three groups. Group A included germ cells attached to the basement membranes before pachytene stages; group B included mainly germ cells from the pachytene stages until secondary spermatocytes; and group C contained spermatids. The populations of apoptotic cells were indistinguishable between the genotypes in the testes at 2 mo. However, the numbers of apoptotic germ cells in groups A and B were increased by 3-and 2-fold, respectively, in testes at 10 mo by the Jmjd1c mutation (Fig. 5D) . The mitotic cells among the ZBTB16-positive populations were determined by co-immunostaining with anti-H3S10ph/ ZBTB16 antibodies. As summarized in Figure 5E , the Jmjd1c mutation did not induce a significant alteration of the mitotic frequencies in ZBTB16-positive cells at both 1 and 10 mo of age. Taken together, it is likely that the progressive reduction of germ cells in Jmjd1c-deficient results from, at least in part, an age-dependent increase of germ cell apoptosis. 
JMJD1C Does Not Contribute To H3K9 Demethylation at the Global Level
JMJD1C was previously demonstrated to exert an intrinsic demethylase activity toward H3K9me1 and -me2 [8] . However, a recent report suggested that JMJD1C lacks H3K9 demethylating activities [9] . We reevaluated H3K9 demethylating activities of JMJD1C by using two different approaches. First, exogenously overexpressed JMJD1C did not change H3K9 methylation levels in HEK293T cells (Supplemental Fig. S2 ). Second, we evaluated whether the Jmjd1c mutation affected H3K9me2 profiles of undifferentiated spermatogonia, pachytene spermatocytes, and Leydig cells (Fig. 6, A-C) . Quantification analyses demonstrated that the Jmjd1c mutation did not induce significant alterations of H3K9me2 levels in these cells (Fig. 6D) . Furthermore, H3K9me1 and H3K9me3 profiles of these cells were also unchanged by the Jmjd1c mutation (Supplemental Fig. S3 ). Taken together, it seems likely that JMJD1C does not contribute to H3K9 demethylation at the global level.
DISCUSSION
We have revealed the unique expression profile of JMJD1C in the male germ line. JMJD1C is expressed in a bimodal fashion during spermatogenesis, with peaks in undifferentiated spermatogonia and pachytene spermatocytes. We also demonstrated that the putative long and short variants of JMJD1C are expressed in testis with different kinetics. The former is expressed specifically in pachytene spermatocytes, whereas the latter is expressed predominantly in undifferentiated spermatogonia. The short JMJD1C variant lacks amino acids 1-180 of JMJD1C IS REQUIRED FOR LONG-TERM SPERMATOGENESIS the long variant (Fig. 1D) . It may be possible that the long variant-specific sequences of JMJD1C may undergo posttranslational modification. mRNA for the long JMJD1C variant was significantly detected in P4 testis (Fig. 1A) , but the putative corresponding protein was hardly detected at this stage (Fig.  1F) . Therefore, the expression levels of the long JMJD1C may be regulated not only transcriptionally but also post-translationally.
We demonstrated the crucial roles of JMJD1C in male germ line organization. Because the JMJD1C homolog KDM3A also performs important functions in the male germ line [4] , we discuss their functional similarities and differences. An earlier germ cell generation loss phenotype was detected in Jmjd1c-deficient males but not in Kdm3a-deficient males (data not shown). Furthermore, the putative short JMJD1C variant, but not KDM3A, is abundantly expressed in undifferentiated spermatogonia. Thus, the long-term maintenance of germ cells may be a unique function of the short JMJD1C variant. We found that JMJD1C is expressed in pachytene spermatocytes, and we detected a significant increase of apoptotic cells around the pachytene stage in Jmjd1c-deficient testes, indicating that JMJD1C plays a role in meiotic prophase progression. The Kdm3a mutation completely abrogates the elongation step of spermatid differentiation, resulting in the loss of elongated spermatids [4, 5] . On the other hand, spermiogenesis seems to proceed normally in Jmjd1c-deficient males, indicating that JMJD1C is not essential in this process.
A previous report demonstrated that JMJD1C is expressed predominantly in Leydig cells in adult mouse testis, suggesting its possible involvement in steroidogenesis [8] . In contrast, our immunoblot analysis using W/W v mice demonstrated that JMJD1C was expressed predominantly in germ cells in testis (Fig. 1F) . Immunohistochemical analyses indicated that the expression levels of JMJD1C are highest in ZBTB16-positive spermatogonia and much lower in Leydig cells (Fig. 2F) . To evaluate whether hormone regulation was affected in Jmjd1c-deficient Leydig cells, we determined the serum concentrations of testosterone and androstenedione in Jmjd1c-deficient males. As summarized in Supplemental Figure S4 , hormone levels were not reduced in Jmjd1c-mutant males. Thus, the agedependent decrease of undifferentiated spermatogonia might result, at least in part, from intrinsic defects.
Our examination did not support the contribution of JMJD1C to the global levels of H3K9 demethylation. It may be possible that JMJD1C contributes to H3K9 demethylation in the very restricted regions of the genome. Alternatively, JMJD1C may function independently of histone demethylation. The various subgroups of JmjC domain-containing protein families harbor distinct histone demethylation activities [18] , but some JmjC domain-containing proteins are considered devoid of demethylation activities. For example, the JARID1 subfamily can demethylate H3K4, whereas the phylogenetically closely related protein JARID2 seems to lack demethylation activity [19] . Previous reports demonstrated that JARID2 associates with the polycomb repressive complex 2 (PRC2) and modulates its H3K27 methylation activity to regulate cell fate transitions [20, 21] . Considering these facts, it seems likely that particular sets of JmjC domain-containing proteins regulate chromatin functions independently of the histone demethylation activity but dependently on the recruitment of other molecular machinery.
The next important step will be to elucidate the molecular mechanisms by which JMJD1C contributes to long-term maintenance of the male germ line. Currently, very little is known about the influence of age on the function of undifferentiated spermatogonia. Interestingly, a recent report demonstrated that in vivo and in vitro aging of spermatogonial stem cells resulted in the perturbation of several genes important for self-renewal [22] . It is possible that JMJD1C might regulate these genes in an age-dependent manner. Based KUROKI ET AL.
on our findings, JMJD1C as well as KDM3A should be included as new candidate gene involved in human male infertility.
